The mitochondrial m-AAA protease has a crucial role in axonal development and maintenance. Human mitochondria possess two m-AAA protease isoenzymes: a hetero-oligomeric complex, composed of paraplegin and AFG3L2 (Afg3 like 2), and a homo-oligomeric AFG3L2 complex. Loss of function of paraplegin (encoded by the SPG7 gene) causes hereditary spastic paraplegia, a disease characterized by retrograde degeneration of cortical motor axons. Spg7 2/2 mice show a late-onset degeneration of long spinal and peripheral axons with accumulation of abnormal mitochondria. In contrast, Afg3l2
INTRODUCTION
Mitochondrial dysfunction is involved in several neurodegenerative diseases, including hereditary spastic paraplegia (HSP) (1, 2) . HSP is a genetic disease characterized by weakness, spasticity and loss of the vibratory sense in the lower limbs, owing to retrograde degeneration of the long axons of the corticospinal tracts and the fasciculus gracilis (3, 4) . A fraction (5 -10%) of autosomal recessive cases of HSP are due to mutations in SPG7, encoding paraplegin (5 -7) . Paraplegin is one component of the m-AAA protease, a high molecular weight complex in the inner mitochondrial membrane evolutionary conserved from yeast to mammals. The human m-AAA protease exists in a hetero-oligomeric form, composed of paraplegin and AFG3L2 (Afg3 like 2), and in a homo-oligomeric complex containing only AFG3L2 (8) . Mice contain an additional protein, AFG3L1, which is highly homologous to AFG3L2, and is also capable of homooligomerizing and interacting with paraplegin (8, 9) . AFG3L1 is a pseudogene in humans (9) .
Studies in yeast, which harbors only a hetero-oligomeric proteolytic complex, have shown that the m-AAA protease performs house-keeping functions, by degrading unassembled components of the respiratory complexes and misfolded inner membrane proteins, and by mediating the proteolytic maturation of specific substrates (10) . Among these is MrpL32, a component of the large subunit of the mitochondrial ribosome, explaining why yeast cells depleted of the protease show defective mitochondrial protein synthesis (11) . Both the hetero-oligomeric and the homo-oligomeric mammalian isoenzymes are able to rescue phenotypes of yeast cells depleted of the m-AAA protease (8) .
Although the different subunits of the mammalian m-AAA protease seem to be largely redundant, they reveal substantial tissue-specific differences (8) . The murine AFG3L2 is much more abundant in the brain than paraplegin and AFG3L1 (8) . The different expression pattern and the ability to homooligomerize and/or hetero-oligomerize underlie the dramatic difference in phenotype of Spg7 and Afg3l2 mouse mutants. Paraplegin-deficient mice display an impaired motor performance at the rotarod test at 4 months of age and a slowly progressive distal axonopathy of long motor and sensory axons in the spinal cord starting at about 7 months of age, reproducing the late-onset phenotype of human HSP patients (12) . Paraplegin-deficient axons accumulate abnormal gigantic mitochondria with disrupted cristae in their distal ends long before swelling and degeneration (12) . This suggests that the AFG3L2 homo-complex is sufficient for axonal development and for the maintenance of axonal integrity in adult life, with the exception of long central and peripheral axons during aging. In contrast, two different mouse mutants harboring mutations in Afg3l2 on both alleles (the paralysé spontaneous mutant and the Afg3l2 Emv66/Emv66 mutant) display a severe phenotype, beginning at P7 with hindlimb paraparesis and leading to death at around P16. This is characterized by a defect in axonal development with delayed myelination and impaired axonal radial growth in the central and peripheral nervous systems (13) . The severity of the phenotype hampers the evaluation of a possible role of the homooligomeric AFG3L2 m-AAA isoenzyme in axonal degeneration. In addition, the question whether the hetero-oligomeric and the homo-oligomeric complexes are functionally equivalent or have specific roles in different neurons is still unanswered.
By generating mice carrying different dosages of AFG3L2 and paraplegin, we now provide evidence that the homo-oligomeric and hetero-oligomeric m-AAA isoenzymes are largely redundant in adult neurons and attribute to the global dosage of the m-AAA protease an important role to prevent neurodegeneration in various brain areas. Notably, we find that Spg7 2/ 2 Afg3l2 Emv66/þ double mutants show an early-onset ataxic phenotype, indicating a novel unexpected role of the m-AAA proteases in cerebellar degeneration.
RESULTS

Severe neurological phenotype in Spg7
2/2 Afg3l2
Emv66/1 double mutants
To obtain mice with different dosages of paraplegin and AFG3L2, we crossed two lines carrying loss-of-function mutations in the Spg7 and Afg3l2 genes: the paraplegindeficient Spg7 2/2 line, previously generated by gene targeting (12) , and the Afg3l2 Emv66/þ mutants (13) . The Afg3l2
Emv66 allele arose after a novel ecotropic murine leukemia proviral reinsertion in intron 14 of the Afg3l2 gene and does not produce the AFG3L2 protein (13) . Afg3l2 Emv66/þ mice show normal fertility and appearance (13) . Double-heterozygous lines from the initial crossing were intercrossed to obtain mice with different genotypes. To answer the question whether the homo-oligomeric AFG3L2 m-AAA protease has redundant or cooperative functions with the hetero-oligomeric paraplegin/AFG3L2 m-AAA complex in adult neurons, we focused on mice carrying only one functional allele of Afg3l2 in combination with different dosages of paraplegin.
Spg7
Afg3l2
Emv66/þ and Spg7 2/2 Afg3l2 Emv66/þ mice were all born at the expected Mendelian ratio and were indistinguishable from wild-type littermates at birth. However, at about 6 weeks of age, Spg7
Emv66/þ mice showed reduced cage activity and altered coordination of the hindlimbs during gait, allowing their recognition in the cage. The neurological phenotype progressed rapidly such that by 9 weeks of age, there was a clear loss of balance, frank uncoordinated gait, tremor and dystonic movements of the head, being highly suggestive of ataxia (Supplementary Material, Movies). Moreover, Spg7
2/2
Afg3l2
Emv66/þ mice lost weight beginning at 9 weeks, developed a prominent kyphosis and ultimately appeared cachexic ( Fig. 1A and D) . The median age of survival of Spg7
2/2
Afg3l2
Emv66/þ mice was 13 weeks and they never lived longer than 20 weeks (Fig. 1B) .
To identify more precisely the time of onset of the motor impairment, we performed accelerating rotarod tests at different ages, comparing the performance of mice carrying different combinations of Afg3l2 and Spg7 alleles. Spg7 2/2 Afg3l2 Emv66/þ mice began to show obvious motor abnormalities at 7 weeks (Fig. 1C) . The motor ability rapidly worsened (Fig. 1C) , and at 11 weeks, most Spg7 2/2 Afg3l2 Emv66/þ mice were unable to stand on the rod. Spg7 2/2 , single Afg3l2 heterozygous or double Spg7/ Afg3l2 heterozygous mice performed the rotarod test like wild-type controls ( Fig. 1C; Supplementary Material,  Fig. S1 ). Consistently, we previously found that motor impairment of Spg7 2/2 mice can be first detected with the rotarod test at about 18 weeks (12) . These data suggest that halving the dosage of Afg3l2 in an Spg7 null background results in a remarkable early onset and rapidly progressing ataxic phenotype.
Spg7
2/2 Afg3l2 Emv66/1 mice show an acceleration of the axonopathy of paraplegin-deficient mice As a first step to investigate the cause of the neurological phenotype of Spg7 2/2 Afg3l2 Emv66/þ mice, we assessed whether these animals show the same neuropathological abnormalities
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as paraplegin-deficient mice, but with an earlier age of onset and increased severity. In Spg7 2/2 mice, axonal swellings and degenerating fibers were previously detected in the anterolateral funiculi of the spinal cord at lumbar levels, where the distal axons of the rubro-spinal, vestibulo-spinal and reticulo-spinal tracts descend, starting at about 8 months (12) . As expected, we found neither signs of axonopathy nor accumulation of abnormal mitochondria in axons of paraplegin-deficient mice at 13 weeks of age ( Fig. 2B and E). In contrast, axonal swellings were already observed in the spinal cord of Spg7 2/2 Afg3l2 Emv66/þ mice (Fig. 2C ). Ultrastructural studies showed that a large number of axons located in the antero-lateral columns of the lumbar spinal cord accumulated abnormal enlarged mitochondria, characterized by vesicular and degenerating cristae (Table 1 and Fig. 2F ). Some swollen axons contained a massive accumulation of neurofilaments, suggestive of impaired axonal transport (data not shown).
The peripheral nerve in Spg7 2/2 mice is involved by axonopathic changes at about 10 months and by frank degeneration after 16 months of age (12) . Ultrastructural studies showed that a large percentage of sciatic nerve axons accumulate abnormal enlarged mitochondria in Spg7
Afg3l2
Emv66/þ mice already at 13 weeks ( Fig. 2I and Table 1 ). In conclusion, these data reveal that the homo-oligomeric AFG3L2 m-AAA protease partially compensates for the loss of the hetero-oligomeric paraplegin-containing complex in the spinal cord and sciatic nerve at least in young animals, thus proving in vivo that the two isoenzymes are largely redundant. Emv66/þ mice versus 161.3 + 6.7 in wild-types, P , 0.02 in t-test). Semithin sections of the cerebellum showed that Purkinje cell bodies and dendrites accumulated abnormal vacuolar structures already at 7 weeks of age (Table 2 ) and more conspicuously at 13 weeks, when these alterations had progressed to frank signs of neuronal degeneration (Table 2 ; Fig. 3B ). Several Purkinje cells had a dark, shrunken appearance with nuclei characterized by irregular membranes (Fig. 3B) . Purkinje cells project through the molecular layer of the cerebellum an elaborate dendritic tree that can be selectively marked with antibodies against the calcium-binding protein calbindin. Calbindin immunohistochemistry showed mild abnormalities at 7 weeks and a prominent loss of Purkinje cell dendrites at 13 weeks in Spg7
Emv66/þ mice ( Fig. 3D ; Supplementary Material, Fig. S2 ). Purkinje cells that still cross-reacted with the calbindin antibody had a less ramified dendritic tree, composed of shorter and thicker branches (Fig. 3D) .
Granule cells are located deep into the Purkinje cell layer, and project into the molecular layer, where their axons split in two branches that take diametrically opposite directions forming the shape of a T (hence the name of parallel fibers). Purkinje cell dendrites make synaptic contacts with parallel fibers, whereas their axons extend out thorough the granule cell layer to the white matter. To determine whether cerebellar axons are lost in the double mutants, we stained sections with an antibody against a phosphorylated form of neurofilament Fig. S3 ). Significant loss of axons was also detected at 13 weeks in the granule cell layer, containing both cerebellar afferents and efferents (Fig. 3H ). TUNEL assay did not disclose significant apoptosis in any cerebellar layer (Supplementary Material, Fig. S4 ), although extensive and pronounced reactive astrogliosis was found in the granular cell layer (Fig. 3J) . None of these alterations was detected in paraplegin-deficient, Afg3l2 heterozygous, Spg7/Afg3l2 double-heterozygous or wild-type littermates at the same age (Supplementary Material, Fig. S5 ; data not shown). However, when analyzed in semithin sections, Spg7 2/2 mice and also double-heterozygous mice showed a slight increase of vacuolated Purkinje cells compared with wild-type mice at 13 weeks, although these cells never displayed prominent degenerative features at this age (Table 2 ; Supplementary Material, Fig. S5 ).
Previous studies showed a comparable number of Purkinje cells in the cerebella of homozygous Afg3l2
Emv66/Emv6 (6) mice and wild-type littermates, indicating a normal migration of Purkinje cells during early development (13) . These data raise the question as to whether the development of Purkinje cell dendrites, which occurs after birth in the mouse, proceeds normally in the absence of AFG3L2. We analyzed Purkinje cell dendrite development by performing calbindin immunohistochemistry at postnatal days (P) 7 and 14. In Table 1 . Quantification of axons containing abnormal swollen mitochondria in the spinal cord and sciatic nerve Genotype n %Fibers with abnormal mitochondria Fibers scored wild-type mice, Purkinje cells extended an apical dendrite that started to ramify in secondary dendrites already at P7, and by P14 had attained a remarkable growth of their dendritic arborization ( Fig. 4A and C) . In contrast, in Afg3l2
Emv66/ Emv66 mice, most Purkinje cells at P7 still retained the bipolar fusiform shape that is typical of these neurons during their migration (14) , and at P14 showed a drastic impairment in the progression of the dendritic tree maturation ( Fig. 4B and D).
In conclusion, these data demonstrate for the first time an important role of the mitochondrial m-AAA protease for the maintenance of Purkinje cells dendrite and axons in adult mice, and for Purkinje cell dendritogenesis.
Hippocampal defects in Spg7
2/2 Afg3l2 Emv66/1 mice Besides the cerebellum, histological and immunohistochemical analyses were normal in the brain of Spg7
Afg3l2
Emv66/þ mice with the exception of a small area of GFAP immunoreactivity at the end of the hippocampal fissure, suggesting recruitment of reactive glia in the stratum lacunosum-moleculare and stratum radiatum of the CA3 field (Fig. 5B) . These layers contain septal and commissural fibers and perforant path fibers from the enthorinal cortex. Semithin sections showed a substantial loss of pyramidal neurons in the CA3 field (Fig. 5D ), whereas neurons in the CA1 field, and granule neurons of the dentate gyrus, appeared largely normal ( Fig. 5F ; data not shown). These data broaden the spectrum of neurons susceptible to loss of the m-AAA protease in the adult brain.
Different expression levels of the m-AAA protease subunits in the mouse brain
The previous data suggest a different neuronal susceptibility depending on the dosage of different subunits of the m-AAA protease. To test whether this is due to different expression levels, we performed RNA in situ hybridization on adult mouse brain using probes specific for Afg3l2, Afg3l1 and Spg7. Afg3l2 showed a very strong pattern of expression in neurons of the brain, including all layers of the cerebral cortex, the hippocampus and the cerebellum (Fig. 6A and  B) . In the cerebellum, Afg3l2 is strongly expressed in both Purkinje cells and granule cells and in neurons of the cerebellar nuclei (Fig. 6B) . In contrast, Spg7 is expressed in the cerebral cortex, the hippocampal neurons and the cerebellum at lower levels ( Fig. 6C and D) . Notably, in the cerebellum, Spg7 expression appeared confined to Purkinje cells and neurons of the deep cerebellar nuclei (Fig. 6D) . Afg3l1 transcript was instead poorly detected in the brain (Fig. 6E and  F) . Thus, expression data support a prominent role of AFG3L2 in the brain and a cooperative role of paraplegin in hippocampal neurons and Purkinje cells. 
Afg3l2
Emv66/þ mice (D, arrow). (E and F) Granule neurons of the dentate gyrus appear normal in both genotypes. Bars: 200 mm in A-B; 20 mm in C-F. hf, hippocampal fissure; dg, dentate gyrus; CA1, CA1 field; CA3, CA3 field.
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Afg3l2
Emv66/þ mice confirmed the degenerative features of Purkinje cells with membrane blebbing and cell shrinkage and showed the accumulation of a large number of swollen degenerating mitochondria (Fig. 7B -D) . These degenerating mitochondria are likely responsible for the formation of the vacuolar structures observed in semithin sections and are very similar in morphology to those already described in the spinal cord and sciatic nerve axons (Fig. 2) . Abnormal mitochondria are large and have disrupted or vesicular cristae.
To evaluate the respiratory competence of these mitochondria, we performed SDH and combined COX-SDH histochemistry in situ on cerebellar sections. It was extremely difficult to identify Purkinje cells in sections of Spg7 2/2 Afg3l2
Emv66/þ mice processed for the histochemical reactions, even though residual atrophic Purkinje cell bodies were recognized in adjacent sections by Nissl staining (Fig. 8B, D and F) . We never observed Purkinje cells negative for the COX staining but positive for SDH, consistent with the severe alteration of the mitochondria morphology in degenerating neurons (Fig. 8D ). This notwithstanding, we could detect a few residual Purkinje cells still positive for both COX and SDH reaction ( Fig. 8B  and D) , suggesting that OXPHOS impairment occurs at late stages of the degenerative process.
The m-AAA protease affects mt-DNA content and stability of the respiratory complexes
We then asked whether a general molecular or biochemical defect can be unraveled in all mitochondria isolated from affected tissues. As a first step, we performed real-time PCR on total DNA extracted from the cerebellum, the forebrain and the spinal cord at 13 weeks of age. We found a statistically significant loss of mt-DNA relative to the content of nuclear DNA in the affected animals compared with wild-type littermates, especially in the cerebellum (Fig. 9A) . Determination of the citrate synthase (CS) activity on whole tissue lysates to estimate the total mitochondrial mass suggested a slight tendency to decrease in the mutant mice, but appeared insufficient to account for the loss of mt-DNA (Fig. 9B) . The loss of mt-DNA is not necessarily reflected in the amount of mitochondrial respiratory complexes, as efficient compensatory mechanisms have been described both in patients and in mice with severe mt-DNA depletions (15, 16) . To this end, we measured specific enzymatic activities of the electron transport chain complexes spectrophotometrically in enriched mitochondria fractions from cerebellum, forebrain and spinal cord. To render respiratory complexes freely accessible to saturating concentrations of substrates in our assays, we used sonication to disrupt the outer and inner mitochondrial membranes. At 13 weeks of age, we found that the activities of complexes I, III and IV were unaffected in mitochondria isolated from Spg7 2/2 Afg3l2 Emv66/þ mice when mild conditions to disrupt membranes were applied (Supplementary Material, Fig. S6) . Surprisingly, however, we detected a statistically significant reduction ranging between 20 and 40% of the activities of complexes I, III and IV in mitochondria isolated from the spinal cord, the cerebellum and the forebrain of Spg7 2/2 Afg3l2 Emv66/þ mice, when mitochondrial fractions were subjected to longer times of sonication (Supplementary Material, Fig. S6 ). The activities of respiratory complexes were normal at 5 weeks of age in Spg7 2/2 Afg3l2 Emv66/þ mice, independent from the sonication regimen (data not shown). These results strongly suggest that the redox activities of the respiratory complexes are not intrinsically reduced in Spg7 2/2 Afg3l2 Emv66/þ mice, but rather point to a structural instability of the complexes.
We therefore decided to examine the stability of the assembled respiratory complexes in mitochondria with reduced dosage of the m-AAA protease. We used dodecylmaltoside (DDM) to allow extraction and analysis of native complexes by Blue Native gel electrophoresis (BNGE). These experiments were performed on forebrains of mice at 13 weeks of age. By using increasing ratios of detergent to total protein content, all complexes were efficiently extracted in wild-type animals. Complexes I, II and IV were stable even at high ratio of detergent to protein content, with the exception of complex III, which showed a slightly reduced stability at ratio 10 ( Fig. 9C and D) . In contrast, complexes I and III appeared reduced in Spg7 2/2 Afg3l2 Emv66/þ mitochondria at all DDM/protein ratios compared with controls ( Fig. 9C and  D) . Notably, the levels of complex I were comparable in control and mutant mitochondria when using a ratio of DDM/protein of 1.5 g/g (data not shown). We found a reproducible reduction of complex IV in mitochondria of Spg7 2/2 Afg3l2 Emv66/þ mice only at a DDM/protein ratio of 10 g/g (Fig. 9C and D) . In contrast, the stability of complex II was not affected even at high DDM/protein ratios ( Fig. 9C and D) . The steady-state levels of the individual complex subunits appeared normal by SDS-PAGE, suggesting that our results reflect the instability of the assembled complexes, rather than an increased degradation or decreased synthesis of the individual subunits (Supplementary Material, Fig. S7 ).
In conclusion, these results strongly suggest that the mitochondria of Spg7 2/2 Afg3l2 Emv66/þ mice have less stable respiratory complexes and tend to lose mt-DNA.
DISCUSSION
The mammalian m-AAA protease comprises both heterooligomeric paraplegin-AFG3L2 and homo-oligomeric AFG3L2 isoenzymes. Our results show strong genetic interaction between Afg3l2 and Spg7 in adult neurons, indicating that both m-AAA protease isoenzymes are required to prevent degenerative changes. Furthermore, we demonstrate for the first time that the m-AAA protease protects against cerebellar degeneration.
We report an early-onset severe neurological phenotype in mice that are completely devoid of paraplegin and have half dosage of AFG3L2. These mice display a drastic acceleration of the features of paraplegin-deficient mice, showing axonal degeneration in the spinal cord and sciatic nerve about 4 months earlier than in the sole absence of Spg7 (12). Moreover, they are characterized by neurodegeneration in other selective brain areas, such as the hippocampal CA3 field and the cerebellum. Cerebellar degeneration is observed already at 7 weeks of age, is characterized by degenerative features of dendrites of Purkinje cells, by massive loss of cerebellar axons and reactive astrogliosis, and explains the main symptoms of these mice, uncoordinated movements and loss of balance. These alterations are not detected in Spg7 2/2 , Afg3l2
Emv66/þ and double-heterozygous littermates at comparable ages, although we cannot exclude that mild abnormalities may arise in older animals.
Ataxia is a common symptom of mitochondrial disorders due to mutations in mt-DNA, in proteins involved in mt-DNA maintenance, and complex I components (17 -19) . Purkinje cell degeneration has also been recently linked to defective mitochondrial fusion (20) . Remarkably, our study has important implications for human pathology. Spinocerebellar ataxia SCA28 has been mapped to the region of chromosome 18 that includes the AFG3L2 gene in a large Italian family with a juvenile, slowly progressive, autosomal dominant form of the disease (21) . Heterozygous mutations in AFG3L2 have indeed been recently identified as the cause of SCA28 (22, 23) . Interestingly, one family was described in which a full-blown ataxic phenotype was evident in an individual who is a compound heterozygous for mutations in AFG3L2 and SPG7, although mild cerebellar atrophy was reported in the AFG3L2 heterozygous parent (23) . This finding, together with our observations, clearly underlines an essential role of AFG3L2 in preventing cerebellar degeneration and attributes an important modulatory role to paraplegin. Consistently, some overlapping features of the human phenotypes linked to these genes have been described: SPG7-mutated patients frequently show cerebellar symptoms (5-7), whereas SCA28 patients are often characterized by hyperreflexia at lower limbs (24). Our study demonstrates that different neurons have variable requirements of the m-AAA proteases: if the loss of the heterooligomeric m-AAA protease is sufficient to cause degeneration of long murine spinal axons (12), the homo-oligomeric m-AAA complex must also be reduced to affect Purkinje cells. These data could be explained assuming that neurons manifest degenerative changes when the global levels of m-AAA proteases drop below a certain threshold. The presence in a given neuron of hetero-oligomeric versus homooligomeric m-AAA proteases can vary depending on the availability of the different subunits, thus driving the susceptibility of this neuron to loss of paraplegin and AFG3L2. Our expression data clearly indicate that the levels of each subunit of the m-AAA protease are very different in individual neurons. Afg3l2 and Spg7 are the subunits predominantly expressed in the brain. Strikingly, while Afg3l2 is expressed at high levels in all neurons, Spg7 shows lower levels of Figure 9 . Biochemical analysis of Spg7 2/2 Afg3l2 Emv66/þ mitochondria. (A) Real-time PCR quantification reveals a statistically significant reduction of the mt-DNA content with respect to the nuclear DNA from the cerebellum (CB), the spinal cord (SC) and the forebrain (FB) of Spg7 2/2 Afg3l2 Emv66/þ mice (n ¼ 6) compared with WT littermates (n ¼ 5). (B) The mitochondrial mass estimated by measuring the enzymatic activity of the CS is not equally affected (n ¼ 4 for CB and SC; n ¼ 6 for FB).
Ã P , 0.05, ÃÃ P , 0.0001 according to Student's t-test. Error bars are SD. (C) Detection of respiratory complexes after BNGE by western blot using specific antibodies against complex I, II, III and IV. One hundred micrograms of mitochondria were solubilized with increasing concentration of DDM (shown at the top of the gel as ratio to protein content, g/g). The asterisk points to a putative degradation product of complex III. (D) Quantification of the levels of each complex solubilized at DDM/protein ratio 4 and 10, relative to the level of the DDM/protein ratio 4 in wild-type mitochondria. Quantification was performed on four independent experiments. Ã P , 0.05, ÃÃ P , 0.01, according to Student's t-test (relative to WT DDM 4). Error bars are SEM.
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expression restricted to large neurons, such as cortical and hippocampal neurons, and Purkinje cells. Notably, these are the neurons mainly affected in Spg7 2/2 Afg3l2 Emv66/þ mice, suggesting a specific role of the hetero-oligomeric complex. Our expression data further confirm that Afg3l1 does not appear to play an important role in the brain and is therefore unlikely to compensate for the reduced levels of the other subunits in this tissue.
Mitochondria are dramatically abnormal in affected neurons and axons of Spg7 2/2 Afg3l2 Emv66/þ mice. They are prone to undergo swelling, and they show disrupted cristae, similar to what previously observed in parapleginand AFG3L2-deficient mice (12, 13) . These degenerating mitochondria ultimately lose reactivity for mitochondrial enzymes, as COX and SDH. Remarkably, general alterations are present in Spg7 2/2 Afg3l2 Emv66/þ brain and spinal cord mitochondria, which tend to lose mt-DNA and display reduced levels of assembled respiratory complexes, especially of complexes I, III and IV, at high detergent/protein ratio. Decreased levels of assembled complex I and III were also found previously in the brain of Ag3l2
Emv66/Emv66 mice (13). This notwithstanding, the steady-state levels of the components of the respiratory complexes and the intrinsic activities of the complexes are largely normal, strongly suggesting instability rather than reduced assembly of the complexes. It is worth of note that the affected complexes are those containing more subunits inserted into the inner mitochondrial membrane. Instability of respiratory complexes could also explain the puzzling finding of an impairment of their specific activities only when harsher conditions are used to disrupt mitochondrial membranes. Interestingly, an old study has already described a peculiar sensitivity of complex IV to sonication in skeletal muscle biopsies from patients with various OXPHOS diseases (25) . The hypothesis of a decreased stability of respiratory complexes may explain the variability of complex I deficiency in cell lines obtained from different patients with SPG7 mutations, depending on the technique used (7, 26) .
A possible explanation for the mitochondrial alterations may be an age-dependent accumulation in mitochondria of misfolded polypeptides altering membrane properties. Another possibility is that this phenotype may depend on impaired maturation of specific substrates. The only known substrate of both yeast and mammalian m-AAA protease is the ribosomal component MrpL32 (11) . We found that mitochondria isolated from the cerebellum of Spg7
Afg3l2
Emv66/þ mice display slightly reduced levels of mature MrpL32 and an accumulation of its precursor to a variable extent (data not shown). Although the amount of processed MrpL32 is sufficient to allow normal synthesis of respiratory complex subunits, we cannot exclude a specific role in Purkinje cells. Furthermore, other yet unknown substrates of the m-AAA protease may contribute to the mitochondrial dysfunction specifically in these cells. Proteins involved in nucleoid stability, mt-DNA maintenance, lipid content of the membrane may be considered attractive candidates.
In conclusion, we provide evidence for an important role of the homo-oligomeric AFG3L2 m-AAA complex in neuronal degeneration, establish neuronal-specific redundant functions of the homo-oligomeric and hetero-oligomeric isoenzymes and point to the cerebellum as a novel target for neuronal degeneration due to impaired mitochondrial proteolysis. Our data strongly support the view that mechanisms that underlie degeneration of long central and peripheral axons may intersect with those underlying Purkinje cell degeneration. Owing to their extremely long axons, or to their remarkable dendritic tree, these neurons can be a preferential target when mitochondrial dynamics, transport and function are even slightly perturbed.
MATERIALS AND METHODS
Mouse management
All animal procedures were performed according to protocols approved by the Institutional Animal Care and Use Committee. Generation of Spg7 2/2 mice (12) and Afg3l2
Emv66/Emv66 genetic characterization (13) were described previously. Spg7 2/2 mice (on a mixed C57BL6-129Sv background) were bred with Afg3l2 þ/Emv66 mice (FVB background). Double-heterozygous mice obtained by this breeding were further intercrossed to obtain mice with different dosages of Spg7 and Ag3l2. All experiments were conducted on littermates derived from this last breeding. The genotype of mice was identified by PCR using specific primers. Primer sequences are available upon request.
Phenotype characterization
Mice were weighed starting from 3 weeks of age (n ! 7 animals for each genotype). Motor performance was evaluated with a Rota-Rod apparatus (accelerating model; Ugo Basile, Varese, Italy). Groups of WT (n ¼ 8), Spg7 2/2 (n ¼ 7) and age-matched Spg7 2/2 Afg3l2 Emv66/þ (n ¼ 16) were analyzed at 5, 7 and 9 weeks of age. Before the first test, mice were trained on the rotarod for 60 s at 4 rpm at constant speed. For the tests, mice were placed on the accelerating rod at a starting speed of 4 rpm, reaching a final speed of 40 rpm in 300 s. Mice were tested for two trials at 20 min intervals for 3 consecutive days. The animals were allowed to stay on the rod for a maximum of 300 s and their time on the rod was recorded. Statistical analysis was performed using Student's t-test for each trial.
Histology and immunohistological analyses
Animals were anesthetized with avertin and perfused intracardially with 4% paraformaldehyde in PBS. Cerebella were removed, post-fixed overnight with 4% paraformaldehyde in PBS and conserved in 0.12 M phosphate buffer. Immunohistochemistry and immunofluorescence were performed on 30 mm sagittal vibratome sections. Briefly, free-floating sections were pre-treated for 30 min in sucrose 4%/PBS and for 30 min in methanol. Immunohistochemistry for phosphorylated neurofilament and GFAP were performed on sections permeabilized and blocked in 0.5% Triton X-100, 10% goat serum in PBS. SMI31 (1:3000, Covance Research Products, Berkeley, CA, USA) and anti-GFAP (0.5 mg/ml, NeoMarkers, Fremont, CA, USA) primary antibodies were incubated overnight in a solution containing 0.5% Triton X-100, 5% goat serum in Detection was performed using the Vectastain w -ABC kit (Vector Lab), as specified by the manufacturer. Immunofluorescence for calbindin was performed on sections permeabilized in 0.5% Triton X-100, 20% goat serum in TBS solution. The monoclonal anti-calbindin antibody (Swant, Bellinzona, Switzerland) was used overnight (1:1500) in 0.5% Triton X-100, 10% goat serum in TBS. AlexaFluor 488 and 546 anti-mouse IgG antibodies (Invitrogen, Carlsbad, CA, USA) were incubated in 10% goat serum in TBS. All immunohistochemical and immunofluorescence analyses were performed on at least five mice per genotype.
Neuropathology and electron microscopy
Semithin and ultrathin morphological analyses were conducted as described (27, 28) . Age-matched wild-type, Spg7 2/2 and Spg7 2/2 Afg3l2 Emv66/þ mice (n ¼ 3 for each genotype) were anesthetized intraperitoneally with avertin and perfused with 4% paraformaldehyde in PBS. The spinal cord, sciatic nerve and cerebellum were removed and postfixed in 0.12 M phosphate buffer/2% glutaraldehyde. They were then postfixed with osmium tetroxide and embedded in Epon (Fluka, Buchs SG, Switzerland). Cross-sections were cut from the lumbar spinal cord and sciatic nerve, whereas the cerebellum was cut sagittally. For ultrastructural analyses, blocks of tissue were selected for electron microscopy after light microscopy examination of semithin sections.
Morphometry
All morphometric analyses were performed in a blinded and unbiased manner. Purkinje cells counts were performed on 30 mm sagittal vibratome sections stained with Nissl solution. We counted the total number of Purkinje cells with an evident nucleus in lobule III of the cerebellum. At least two independent sections for three animals/genotype were scored. To quantify the number of Purkinje cells with degenerative features, we performed morphometry on semithin sections by scoring the number of Purkinje cells with abnormal morphology and vacuoles in the cytoplasm (n ¼ 3 per genotype). Ultrastructural morphometric analyses were performed on photographs captured using an electron microscope. For all mice, non-overlapping photographs were taken from the lumbar columns and sciatic nerve.
RNA in situ hybridization
To obtain specific probes for in situ hybridization, fragments of the mouse Afg3l2 (nucleotides 2199 -2870), Spg7 (nucleotides 175 -1146) and Afg3l1 (nucleotides 47-831) cDNAs were subcloned and used as templates to transcribe either sense or antisense digoxygenin-labeled riboprobes using the DIG RNA labeling kit (Roche). Vibratome sections were permeabilized with proteinase K 10 mg/ml for 10 min. In situ hybridization was performed essentially as described previously (29) .
Histochemical staining
Cryostat sections (10 mm thick) were collected on SuperFrost w Plus coverslips (Menzel-Glaser, Portsmouth, New Hampshire, USA). Sections were incubated in SDH solution (0.1 M succinic acid disodium salt, 0.1 M phosphate buffer, 2.5 mM nitrobluetetraziolium) for 90 min at 378C in a humid chamber. For combined COX-SDH staining, sections were incubated first with COX solution (3, 3 0 -diaminobenzidine 5.5 mM, cytocrome C 165 mM, sucrose 220 mM, catalase 2 mg/ml in phosphate buffer 0.05 M) for 15 min at 378C in a humid chamber, washed in PBS and then incubated in SDH solution as described earlier. Sections were washed in PBS and fixed in PFA 4% in PBS.
Mitochondria isolation
The dissected tissues were promptly chopped and homogenized (10 strokes) with 10 volumes/g wet tissue of MOPS sucrose buffer (440 mM sucrose, 20 mM Mops, 1 mM EDTA, 0.2 mM phenylmethylsulphonyl fluoride) in a glass-Teflon pestle. The crude homogenate was centrifuged at 500g for 10 min at 48C. The low-speed supernatant was centrifuged at 10 000g for 10 min at 48C. The resulting mitochondrial pellet was carefully resuspended in MOPS sucrose buffer and centrifuged at 10 000g for 10 min at 48C. The final mitochondrial pellet was resuspended to 10-20 mg/ml in MOPS sucrose buffer. Protein concentration was determined by Bradford's method (BioRad, Hercules, CA, USA) with BSA as the standard.
Blue Native polyacrylamide gel electrophoresis BNGE was performed essentially as described previously (30) . Briefly, 100 mg of mitochondria were solubilized for 10 min in 20 ml of 1 M 1-amino n-caproic acid, 50 mM Tris (pH 7.0) and increasing concentration of DDM (detergent-to-protein ratio were 4, 6, 8 or 10 g/g). Insoluble material was removed by centrifugation at 20 000g for 90 min at 48C. The supernatant was collected and combined with Serva blue G (5% in 1 M 1-amino n-caproic acid). The amount of Serva blue G added was calculated to give a detergent/dye ratio of 4 (g/g). The respiratory chain complexes were separated on a gradient gel of 5 -13% acrylamide in 150 mM Bis-Tris, 1.5 mM 1-amino n-caproic acid adjusted to pH 7.0. The cathode buffer (50 mM Tricine, 15 mM Bis-Tris/HCl, pH 7.0, and 0.02% Serva blue G) was used until the dye front had reached approximately a half of the way through the gel before exchange with colorless cathode buffer. The anode buffer was 50 mM Bis -Tris/HCl, pH 7.0. Native complex was separated at 300 V and 12 mA for 3 h at 48C.
Western blot analysis
For immunodetection of the respiratory complexes after BNGE, the following antibodies were used: 39 kDa subunit of complex I, 70 kDa subunit of complex II, core II subunit of complex III, subunit I and Vb of complex IV (Invitrogen). Quantification was performed using Quantity One (BioRad) on four independent western blots.
Human Molecular
Real-time quantification of mt-DNA Total DNA was isolated from the cerebellum and the spinal cord by standard techniques. Real-time amplification was performed using SYBR w Green PCR Master Mix (Applied Biosystem, Foster City, CA, USA) in an ABI PRISM 7000 Sequence Detection System. Primers for mt-DNA were located on murine COI gene (31) , and primers for murine RNase-P were used as nuclear gene standard reference. Primer sequences are available upon request. Each PCR reaction was performed in triplicate with the following profile: one cycle at 508C for 2 min, one cycle at 958C for 10 min and then 40 cycles at 958C for 15 s and 608C for 1 min (two-step protocol).
CS activity
The dissected tissues were promptly chopped and homogenized (10 strokes) with 10 volumes/g wet tissue of isolation buffer (220 mM D-mannitol, 70 mM sucrose, 20 mM HEPES, 1 mM EDTA and 0.1% BSA, pH 7.2) in a glass-Teflon pestle. The crude homogenate was centrifuged at 500g for 10 min. The low-speed supernatant was collected. CS activity was determined spectrophotometrically at 308C. To completely remove the permeability barrier for substrates, samples were freezed -thawed and sonicated for 15 s twice at 40 W before use. CS activity was determined as the reduction rate of 100 mM DTNB (5, 5 0 -dithio-bis-2-nitrobenzoic acid) at 412 nm (1 ¼ 13.8 mM 21 cm 21 ), after the addition of 400 mM acetyl-coenzyme A and 100 mM oxalacetate. All reagents employed for biochemical analyses were from Sigma-Aldrich (St Louis, MO, USA).
